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ABSTRACT: An innovative approach for the rockfall susceptibility analysis based on the combined application of Terrestrial Laser Scanner and Terrestrial SAR Interferometry has been developed. By this approach
large and inaccessible rock scarps can be analyzed and most susceptible blocks and sectors can be identified
and mapped in detail. The approach has been tested in a rock scarp in the city of Bolzano. Nine surveys by
TInSAR have been carried out from May 2008 and March 2010 thus allowing to obtain short term and long
term displacement maps of the rock scarp. No sectors affected by permanent displacements have been identified while temporary “elastic” deformations have been observed in some partially released blocks.
1 INTRODUCTION
“A rockfall is a detached fragment of rock (a block)
that falls along a vertical or sub-vertical cliff,
proceeds down slope by bouncing and flying along
ballistic trajectories or by rolling on talus or debris
slopes” (Varnes 1978). In spite of their usual limited
size, rockfalls are a daily occurrence in mountainous
areas, thus representing a serious problem for the
safety of human lives and infrastructures. Rockfalls
and topples can occur both in natural and artificial
slopes and their frequency, magnitude and location
are very difficult to be predicted because of their
small size and limited precursors. Furthermore, rockfalls occur in very steep slopes, therefore they are
very difficult to be investigated and, as a consequence, stabilized. In the case of inaccessible cliffs,
innovative remote sensing techniques represent the
only available solution for the analysis and the monitoring of rockfalls. For instance, the geomechanical
investigation of rock scarps, which is considered a
key step in the identification of susceptible areas or
jointed blocks, can be supported by the use of Terrestrial or aerial Photogrammetry and LiDAR. By
such a methodology, “potentially unstable” blocks
can be identified by looking at their predisposing
factors, like thermal stresses on open cracks. Some
studies demonstrated that one of the main triggering
factors is the water infiltration into cracks, and its
subsequent freezing (Ishikawa et al. 2004), and the
temperature cycles (although causing lower magnitude widening). However, no information can be
gained on the state of activity of potentially unstable
blocks without a suitable monitoring of displace-

ments. Conventional techniques (e.g. extensometers), can be used only for the monitoring of single
(and already detected) unstable blocks; hence, they
cannot be used as a tool for susceptibility analysis. In
this paper we suggest a new approach for the susceptibility analysis of rock face, based on the integrated
application of Terrestrial SAR Interferometry (TInSAR) and Terrestrial Laser Scanner (TLS).
2 MONITORING APPROACH
We suggest a novel approach for the assessment of
rockfall susceptibility in mountain areas by the application of innovative terrestrial remote sensing
techniques, i.e. TInSAR and TLS. This approach is
based on the direct and simultaneous measurement
of instability effects (i.e. blocks displacement) over
the whole slope, instead of the analysis of the predisposing and triggering factors (e.g. rock-jointing,
weather conditions etc.). Displacement is the most
explicit evidence of a rock scarp (or a part of it) instability even if, sometimes, blocks are characterized
by small displacements before the failure. Hence,
very accurate monitoring instrumentations (i.e. high
temporal repeatability of measurements and high accuracy in displacement estimation) are required for
such an approach. However, we suggest that the proposed approach should be coupled with conventional
methods based on the analysis of predisposing factors such as the geomechanical features.
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2.1 Terrestrial SAR Interferometry

2.2 Terrestrial Laser Scanner

The Terrestrial SAR Interferometry (Bozzano et al.
2010; Luzi 2010) is a displacement monitoring technique based on the same operational principles of
satellite SAR interferometry (Massonnet & Feigl
1998). In the case of TInSAR, the synthetic aperture
is obtained by an antenna moving along a rail instead
of a satellite moving along an orbit (Fig. 1).

Terrestrial Laser Scanning is a novel topographic
technique able to collect the 3D coordinates of several points over the investigated area (Buckley et al.
2008). This technique is based on the use of electromagnetic impulse in the near-infrared bandwidth.
The resolution cells (footprint) depends on the distance instrument-target and on the instrumental
characteristics. The final outputs of TLS surveys are
3D point clouds whose spatial coordinates are computed by the measurement of the time of flight (or by
the phase difference) of the electromagnetic impulse.
The 3D coordinates, originally referred to an instrumental geographic system, can be simply translated
to a real geographic coordinate system by conventional topographic measurements (e.g. GPS). Surveys of the investigated area from different positions
are usually performed in order to reduce the shadow
zones and to improve the quality of the data. Hence,
TLS is a powerful tool to obtain detailed DTMs
(Digital Terrain Models). Moreover, TLS sensors are
generally coupled with a high resolution digital camera in order to obtain true color point clouds and
DTMs. This technique allows to get DTMs of large
areas in a few minutes and with high accuracy (few
cms). Thanks to the above described features, TLS
derived DTMs are often used for the investigation of
rock scarps since they represent an important support
in the geomechanical analysis such as: identification
of the main joints and assessment of their orientations, identification of released blocks and assessment of their volume etc. (Kemeny et al. 2006; Sturzenegger & Stead 2009). Furthermore, by the
comparison of TLS derived DTMs, changes and displacements of investigated rock scarps can be detected (Oppikofer et al. 2008; Abellán et al. 2010).
Nevertheless, the displacement accuracy of TLS is
on the order of few cms at distances longer than 100
m, hence such a technique is not suitable for the
monitoring of rigid rock scarps characterized by
small pre-failure displacements (Abellán et al.
2009).

Figure 1. a) resolution cells of RADAR maps; b) synthetic aperture obtained by an antenna moving along a rail.

The satellite SAR interferometry is a suitable technique for the monitoring of large areas characterized
by slow motion (i.e. subsidence, volcanic structures,
unstable large regions etc.). TInSAR, otherwise, is
more suitable for the detailed and continuous monitoring of small areas (few square kms) characterized
by both slow and rapid motion (single unstable
slopes and rock scarps, volcanic flanks etc). Moreover, TInSAR technique is able to operate in every
weather and lightening conditions, thus representing
a suitable technique for the real-time monitoring finalized to early warning. As in the case of satellite
SAR interferometry, the final outputs achievable by
such a technique are 2D displacement maps characterized by constant resolution in range and a crossrange resolution variable on the distance (Fig. 1).
The displacement, computed as the phase difference
between two SAR images (interferometric technique), is measured along the instrumental line of
sight (Bamler & Hartl 1998). Hence, the final representation of TInSAR data are 2D color maps where
can be quickly identified the magnitude of displacements along the instrumental line of sight, in the investigated elapse of time. Furthermore, displacement
time histories of each pixel can be achieved by such
a technique. The displacement accuracy ranges from
few tenths of millimeters to few millimeters, depending on the operational distance and the atmospheric conditions which modify the propagation features of microwaves transmitted and received by
TInSAR sensors. On the other hand, weather conditions (e.g. heavy rainfalls, high thermal variations
etc.) can represent predisposing and triggering factors for rockfalls and topless. Hence, a weather station should be coupled to the TInSAR sensors.

2.3 Integration of TInSAR and TLS
The herein described monitoring approach is based
on the integrated use of Terrestrial SAR Interferometry and Terrestrial Laser Scanner (Mazzanti et al.
2009). Specifically, TLS is used as a survey technique to achieve a detailed DTM of the investigated
rock scarp, while TInSAR is used to monitor the
rock scarp deformations. However, for such an integration, a georeferencing procedure of TLS DTMs
and TInSAR maps is required. For this task, one
corner reflector (metallic dihedral devices used to
focalize and reflect electromagnetic waves) has to be
placed on the scarp for at least 10 minutes in order to
be exactly detected by the radar. Then, by a Total
Station, the 3D coordinates of optical prisms located
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in the same positions of the corner reflector are
computed. Once collected these reference points, it
is possible to accurately overlap TLS and TInSAR
data (Fig. 2) by a mathematical algorithm, specifically developed. Furthermore, for a more accurate
overlapping of Laser and Radar data, TInSAR acquisitions with different baselines can be collected.

Figure 2. 2D SAR map and 3D SAR map overlapped on the 3D
Laser Scanner DTM (above); permanent scatterers overlapped
on the same DTM (below).

Such a georeferencing algorithm allows a clearer
reading and interpretation of SAR maps to be performed; hence, potential unstable and anomalous deformations of the investigated area can be exactly
identified and localized (Fig. 2).
3 THE TEST SITE
The herein described approach has been tested in the
frame of a “pilot project” financed by the Province
and the Municipality of Bolzano which involved two
private companies: NHAZCA S.r.l. and IMG S.r.l..
The Province of Bolzano is frequently affected by
rockfalls occurring in mountain regions. Hence, it is
constantly looking for innovative surveying and
monitoring techniques for the control of these phenomena. The aim of the project was to investigate a
rock scarp (Fig. 3) frequently affected by rockfalls
by means of TInSAR and TLS. This rock scarp, located in the suburbs of Bolzano (Northern Italy),
overlooks some civil buildings, so that engineering

structures were realized in the past years in order to
reduce the risk related to the occurrence of small size
rockfalls.
3.1 Geological and geomorphologic settings
The Bolzano basin is situated inside the Athesian
Volcanic group, whose age ranges from 285-276 Ma
(Permian).
The evolution of Bolzano basin is tectonically controlled, and it has been progressively filled by volcanites and sedimentary deposits (Bagrossi et al.
2004).
Metamorphic rocks of volcanic origin widely outcrop in the mountains surrounding the city of Bolzano. They are bounded by the basal unconformity
on the south alpine basement and by the unconformity with the Arenarie di Val Gardena Formation.

Figure 3. picture of the monitored slope.

The monitored slope is up to 100 meters high and it
is made up of high and large ignimbrite banks, often
interbedded with sandstones, tuffs and breccias. Ignimbrites are massive and their macroscopic aspect
looks constant for some tens of meters both in the
horizontal and in the vertical direction. The outcropping rocks appear red, violet and gray. Joint plans
are persistent and mainly vertical, thus leading to the
typical columnar aspect of rapidly cooled lavas.
3.2 The survey
The Terrestrial Laser Scanner survey was performed
on May 6th 2008 by a Riegl LMS-Z420i sensor combined with the high resolution Nikon D70 digital
camera (Fig. 4). The TLS sensor is characterized by
a maximum range operability of about 1 km, an accuracy of 1 cm, and a sampling capacity of more
than 120.000 point/s. In order to reduce the shadow
zones of the investigated area, the TLS survey was
performed from two positions previously defined.
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As regards the TInSAR surveys, the first step in the
project was the identification of the best site for the
installation of the monitoring platform. The instruments were installed in the CONI sports field of
Bolzano, located at a distance of about 800 meters
from the monitored slope (Fig. 5). A concrete basement was realized in a corner of the field thus allowing the overall view of the monitored slope. The
monitoring instrumentations were housed inside an
impermeable structure installed around the basement
(Fig. 6).
The following instruments were used for the monitoring activities:
- the IBIS-L Terrestrial SAR interferometer
produced by IDS S.p.A. (Fig. 6);
- the weather station model La Crosse 3650
able to collect meteorological parameters like
rainfalls and rain rates, temperature, relative
humidity, atmospheric pressure, wind intensity and direction.

MHz. The maximum range of monitoring was set at
2000 m with a maximum range resolution of 0,5 m.
By using an inter scan delay of 6 s SAR maps were
sampled with a temporal frequency of about 8 minutes.
Nine monitoring surveys were performed during the
two years of the project (namely from May 2008 and
March 2010) and the data acquired at different times
were merged, processed and analyzed together (Tab.
1).

Figure 6. Terrestrial SAR interferometer IBIS-L.

Table 1. time table of TInSAR and TLS surveys.
__________________________________________________
Surveys time table
Dates
tot. number
__________________________________________________
TInSAR surveys
2008/5/7-2008/5/23
2008/6/13-2008/6/22
2008/10/28-2008/10/31
2009/2/3-2009/2/6
2009/3/7/-2009/3/10
2009/5/4-2009/5/8
2009/8/3-2009/8/4
2009/11/25-2009/11/29
2010/2/27-2010/3/3
TLS survey
2008/5/6
SAR maps
7.167
Weather
data
18.000
__________________________________________________

Figure 4. the Terrestrial Laser Scanner.

Figure 5. installation site and geometry of the monitoring.

The IBIS-L sensor is characterized by a 2 m long rail
and it emits and receives microwaves with a central
frequency of 16,75 GHz and a bandwidth of 300

In order to georeference TInSAR maps and TLS derived DTM, a dedicated survey was performed by
using the Interferometer and a Total Station. A single corner reflector (Fig. 7) was alternatively installed in 12 different positions over the slope (Fig.
8) and identified by the Interferometer, thus obtaining the radar coordinates. Then, the topographic coordinates of the same points were measured by a Total Station survey.
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Figure 7. corner reflector used for the georeferencing campaign.

However, some indications of localized sectors characterized by a higher susceptibility have been identified by the combined analyses of displacement and
weather data. Specifically, the displacement time
histories of single pixels were compared with rainfall events and temperature variations.
During the first year (May 2008 – May 2009) a major rainfall characterized by a cumulative height of
about 80 mm in few hours occurred during a 4 days
continuous TInSAR survey. After the rainfall some
temporary displacements (with a magnitude of few
mm) were observed in five sectors. Such anomalous
behaviors were then considered as a criterion to assign a higher value of susceptibility.
Following these achievements, five extensometers
were installed on the scarp in the potentially unstable
sectors (fig. 9). In this way a direct control of these
blocks and a comparison of displacements measured
by different instruments in the second year were possible. Extensometers and TInSAR data collected during the second year were consistent. They did not
show permanent displacements, thus confirming the
general stability of the slope.

Figure 8. temporary corner reflector locations over the rock
scarp.

3.3 Results
The overall data collected during the entire monitoring project were analyzed in order to infer information about the displacement of the investigated rock
scarp by using different processing approaches. Displacement maps referred both to the single campaigns and to the overall monitoring time were created. Furthermore, the time series of displacement of
single pixels were analyzed in detail by the comparison with weather data. A specific approach named
“P to P analysis” was specifically developed for this
case study. This technique consists in the measurement of the relative displacement between adjacent
pixels across main joints and boundary zones between stable and unstable sectors. In this way the
atmospheric noise can be drastically reduced thus allowing a considerable increase in the displacement
accuracy.
The generalized stability (i.e. low susceptibility to
collapse) of the entire scarp was inferred by the absence of sectors or blocks affected by relevant displacements.

Figure 9. locations of the 5 extensometers installed.

With regard to the effects of the temperature, interesting results were achieved mainly during the winter and the summer seasons when the scarp was affected by the higher thermal stress. Daily
displacement oscillations of released blocks, on the
order of less than one mm, were observed. Specifically, positive values of displacement (blocks moving away from the instrument) were registered during the nights, in relation to the lowest temperatures,
while negative values of displacement (blocks approaching to the instrument) were registered during
the warmest hours of the day (Fig. 10). Portions of
the slope and blocks characterized by thermal induced oscillations have been considered as a further
index of high susceptibility to collapse, since they
reasonably identify blocks partly released.
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Figure 10. daily thermal cycles vs rock block displacements.
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